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FOREWORD 


This  research  program  consists  of  an  integrated  and  inter¬ 
related  effort  of  basic  and  applied  research  in  chemical 
thermodynamics  and  thermochemistry.  Knowledge  of  variation 
of  physical  and  thermodynamic  properties  with  molecular 
structure  is  used  to  select  compounds  for  study  that  be¬ 
cause  of  high  ring  strain  or  unusual  steric  effects  may 
have  good  energy  characteristics  per  unit  volume  or  per 
unit  mass  and  thus  be  useful  in  the  synthesis  of  high 
energy  fuels.  These  materials  are  synthesized,  and  their 
thermodynamic  properties  are  evaluated.  In  cooperation 
with  researchers  at  Wright-Patterson  Air  Force  Base, 
ramjet  fuels  currently  in  use  are  subjected  to  careful 
thermodynamic  evaluation  by  measurements  of  heat  capacity, 
enthalpy  of  combustion  and  vapor  pressure. 


ABSTRACT 


Basic  and  applied  research  have  continued  on  the  thermo¬ 
dynamic  properties  of  currently  used  high  density/high 
energy  fuels  and  of  pure  chemical  compounds  that  may  be 
constituents  of  high  energy  fuels  of  the  future. 

Enthalpy  of  combustion  was  measured  for  one  ramjet  fuel 
currently  in  use,  and  similar  measurements  are  in  progress 
on  three  others. 

In  cooperation  with  researchers  at  Wright-Patterson  Air 
Force  Base,  measurements  were  made  of  the  vapor  pressure 
of  JP-10 ,  exo-tetrahydrodicyclopentadiene,  in  order  to 
derive  knowledge  of  its  possible  concentration  and/or 
toxicity  in  confined  storage. 

Synthesis  and  purification  of  a  group  of  alkylindans  and 
alkylnaphthalenes  continued  at  Oklahoma  State  University. 
These  compounds  are  representatives  of  a  type  that  will 
have  higher  combustion  energies  because  of  steric  inter¬ 
action  of  closely  adjacent  alkyl  groups. 

Results  of  the  research  were  reported  both  orally  and  in 
AFOSR  special  reports  and  journal  articles. 


RESEARCH  PROGRESS 


1 .  NOMENCLATURE 

This  annual  report  will  describe  research  on  the  thermody¬ 
namic  properties  of  several  fuels  and  compounds  of  consider¬ 
able  molecular  complexity.  In  an  effort  to  facilitate 
understanding,  the  nomenclature  and  molecular  structure 
of  these  materials  follow  in  Table  1. 


TABLE  1.  Nomenclature  of  Materials 


Hexacyclic 
exo,  exc-dihydro- 
dinorbornadiene 


Hexacyclic 
exOj endo- dihydro- 
dinorbornadiene 


Hexacyclic 
endo, endo- dihydro- 
dinorbornadiene 


5. 


exo -Tetrahydro- 
dicyclopentadiene 


6. 


2. 


ENTHALPY  OF  COMBUSTION  OF  RJ-6 


Material  and  Techniques 

RJ-6  is  a  blend  of  exc-tetrahydrodicyclopentad ...  ,e  (com¬ 
pound  4  of  Table  1)  and  the  hydrogenated  dimers  of  nor- 
bornadiene  (compounds  1,  2  and  3  of  Table  1) .  The  material 
was  suoplied  by  Herbert  T.  Lander,  Jr.,  Fuels  and  Lubrica¬ 
tion  Division,  Air  Force  Aero  Propulsion  Laboratory  (AFSC) 
Wriv.ht  -Patterson  Air  Force  Base,  Ohio.  It  was  used  as 
received  without  further  drying.  Fragile  flexible  ampoules1'2 
of  borosilicate  glass  confined  the  samples  of  RJ-6;  auxiliary 
oil  (laboratory  designation  TKL  66)  was  used  to  initiate 
the  combustion.  Rotating-bomb  calorimeter  BMR  II3  and 
platinum- lined  bomb  PT-3b4  were  used  without  bomb  rotation. 

For  each  experiment,  1  cm3  of  water  was  added  to  the  bomb, 
and  the  bomb  was  flushed  and  charged  to  30  atm  with  pure 
oxygen;  nitric  acid  formation  during  the  combustion  was 
negligible.  Each  experiment  was  started  at  296.15  K,  and 
because  the  masses  of  combustibles  were  properly  chosen, 
the  final  temperatures  were  very  nearly  298.15  K.  Temper¬ 
atures  were  measured  by  quartz  crystal  thermometry;  the 
quartz  thermometer  was  calibrated  with  a  platinum  resist¬ 
ance  thermometer .  A  programmable  desktop  calculator  was 
used  to  control  the  combustion  experiments  and  record  the 
results.  Readings  were  taken  at  100-second  intervals 
throughout  the  experiment;  integration  of  the  time-temper¬ 
ature  curve  is  inherent  in  the  quartz  thermometer  reading. 

The  experimental  results  are  based  on  1961  atomic  weights.5 
For  reducing  weights  in  air  to  masses,  converting  the  energy 
of  the  actual  bomb  process  to  that  of  the  isothermal  bomb 
process,  and  reducing  to  standard  states,6  the  following 
values  were  used  for  the  properties  of  RJ-6:  density, 

1.01  g  cm“3;T  specific  heat  capacity,  (0.3)  cal  K“1  g**1;  and 
(3E/3P)t,  (-0.003)  cal  atm'"^  g“  ,*  values  in  parentheses  are 
estimates . 
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National  Bureau  of  Standards  sample  39 i  benzoic  acid  was 
used  for  calibration;  the  result  from  eight  experiments 
interspersed  with  the  RJ-6  experiments  was  £ (calor)  = 
(4005.52  i  0.05)  cal  deg-1  (mean  and  standard  deviation  of 
the  mean) . 


RESULTS 

The  results  are  summarized  in  Table  2.  The  values  of  AE£/m 
refer  to  the  reaction  of  unit  mass  of  sample.  Carbon 
dioxide  was  recovered  from  all  of  the  experiments.  The 
ratio  of  carbon  dioxide  recovered  to  mas3  of  sample  burned 
was  3.2725  ±  0.0002  (mean  and  standard  deviation  of  the 
mean) ,  The  empirical  formula  of  RJ-6  calculated  from  this 
ratio  and  the  assumption  that  only  carbon  and  hydrogen  are 
present  is  CH^^sg* 

The  enthalpy  of  combustion  given  in  Table  2  is  the  "gross” 
heat  of  combustion  for  which  the  reaction  products  are 
gaseous  carbon  dioxide  and  liquid  water.  For  combustion  to 
gaseous  carbon  dioxide  and  gaseous  water,  the  "net"  heat  of 
combustion  of  RJ-6  is  -(17971.8  ±  0.4)  Etu/lb. 


3.  HEAT  CAPACITY  OF  RJ-6 

The  heat  capacity  of  RJ-6  was  measured  by  differential 
scanning  calorimetry  in  the  range  260  to  340  K.  The  following 
linear  expression  was  selected  to  fit  the  data  by  means  of  a 
l^ast  squares  fit: 

Cs  »  0.0852880  +  0.0008948  T  cal  g-1  deg-1  . 
Root-mean-square  deviation  of  results  was  0.0055  cal  g-1  deg-1 


4.  VAPOR  PRESSURE  OF  JP-10 

The  vapor  pressure  of  JP-10  was  investigated  by  inclined- 
piston-gauge  manometry.  The  initial  expectation  was  that 
the  sample  supplied  was  substantially  pure  exo-tetrahydro- 
dicyclopentadiene ,  and  that  the  measurements  could  be  done 
as  for  a  pure  chemical  compound.  That  expectation  was  not 
realized. 

As  the  measurements  are  conducted,  before  each  data  point 
is  obtained  a  small  amount  of  the  sample  is  pumped  off  to 
flush  out  traces  of  permanent  gases  that  could  coma  from  slow 
out-gassing  of  components  of  the  system.  For  a  single¬ 
component  sample,  the  pumping  does  not  change  the  composi¬ 
tion  nor  the  vapor  pressure.  However,  for  a  mixture  of  a 
major  component  with  impurities  of  different  volatility, 
the  pumping  tends  to  deplete  the  sample  of  more  volatile 
impurities  and  concentrate  the  less  volatile  impurities, 
with  an  attendant  decrease  of  the  vapor  pressure. 
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With  the  JP-10  sample,  repeat  measurments  at  a  given  tem¬ 
perature  always  showed  a  lower  vapor  pressure  than  had  been 
observed  earlier.  The  last  determination  was  made  at 
278.15  K  and  showed  the  vapor  pressure  to  be  only  57  percent 
of  that  observed  early  in  the  study  at  that  same  temperature. 

All  of  the  data  obtained  are  shown  graphically  in  Figure  1, 
with  the  sequence  in  which  the  data  points  were  obtained. 
These  data  at  least  show  the  general  magnitude  of  the  vapor 
pressure  of  JP-10  over  a  temperature  range  on  each  side  of 
room  temperature,  even  if  they  are  not  suitable  for  repre¬ 
senting  by  an  empirical  equation  or  assigning  precise 
numerical  values . 


5.  COMBUSTION  CALORIMETRY  OF  HYDROGENATED  DIMERS  OF 
NORBORNAD I ENE  AND  TETRAHYDRODICYCLOPENTADIENE 

Experimental  measurements  are  in  progress  of  the  enthalpies 
of  combustion  of  hexacyclic  exoa cxo-dihydrodinorbornadiene 
and  hexacyclic  endo3 e  ido-dihydrodinorbornadiene,  compounds 
1  and  3  of  Table  1,  and  of  a  newly  purified  sample  of  tetra- 
hydrodicyclopentadiene  (compound  4  of  Table  1) .  All  of 
these  materials  were  supplied  by  Professor  C.  Moynihan  of 
Catholic  University  of  America. 


6.  SYNTHESIS  AND  PURIFICATION  OF  ALKYLNAPHTHALENES 
AND  ALKYLINDANS 

Current  work  involves  the  synthesis  of  hydrocarbons  6  and 
10  of  Scheme  I  and  18,  20,  22,  25,  27  and  29  of  Scheme  II 
as  well  as  32  and  35  of  Scheme  III. 

Progress  in  preparing  hydrocarbons  6  and  10  of  Scheme  I 
has  been  delayed  because  of  difficulty  in  hydrogenclyzing 
the  carbon-oxygen  bond  of  2  which  leads  to  3.  Subsequently, 
a  practical  low-pressure  hydrogenation  procedure  was  found 
which  provides  3.  However,  since  3  is  partially  hydrogen¬ 
ated  it  becomes  necessary  to  aromatize  to  the  fully  aromatic 
naphthalene  system.  Ordinarily  this  is  not  a  problem,  but 
in  this  case,  loss  of  side  chain  during  dehydrogenation 
has  been  experienced.  As  a  result,  considerable  7  is 
formed  in  preparing  6.  The  presence  of  7  complicates  the 
purification  of  G.  Consequently,  the  alternate  route  via 
9  is  being  explored  in  an  attempt  to  avoid  side-chain 
cleavage. 


Better  success  has  been  experienced  with  the  reactions  of 
Scheme  II.  A  good  supply  of  14  is  on  hand.  Since  14  is  well 
separated  from  its  isomers  in  both  liquid  chromatography 
and  gas  chromatography,  it  is  believed  that  hydrocarbons 
18,  20  and  22  can  be  prepared  free  of  isomers. 
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FIGURE  1.  Measured  values  of  vapor  pressure  of  JP-10  at 
various  temperatures,  plotted  as  In  P  versus 
1/T.  The  sequence  in  which  the  data  points 
were  obtained  is  shown  by  the  numbering  of 
the  points. 


Ketone  15  also  results  from  the  preparation  of  14,  and  it 
may  also  be  useful.  However,  the  purification  of  15  is  less 
certain  than  that  of  14,  and  consequently  it  may  be  easier 
to  prepare  acid  36  and  ketone  37  as  a  substitute  series. 

Both  36  and  37  respond  nicely  to  purification. 

Hydrocarbon  31  of  Scheme  III  has  been  prepared,  and  it  is 
anticipated  that  the  phOi_ocyclization  to  32  will  be  success¬ 
ful.  Ordinarily  the  synthesis  of  32,  because  of  the  specific 
placement  of  methyl  groups,  would  be  a  formidable  task,  and 
consequently  we  are  anxiously  awaiting  the  result. 


Scheme  II 


jgb  Tgr"  (6b 

25  11  18 


29  27  20  22 


a  b 

Malonic  acid,  piperidine,  pyridine.  Pd/C,  H2,  acetic  acid 

c  d  e 

PPA,  A.  CHjLi,  ether.  Oxalic  acid,  ethanol,  2,4-DNPH. 

f  g  h 

Pd/C,  ethanol.  HC  =  CNa,  THF.  TiClj,  Zn  Cu, 


ch3o  ch2ch2o  ch3. 
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